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Edited by Richard CogdellAbstract The bacteriophytochrome Agp1 was reconstituted
with a locked 5Zs-biliverdin in which the C4‚C5 and C5–C6
bonds of the methine bridge between rings A and B are ﬁxed
in the Z and syn conﬁguration/conformation, respectively. In
Agp1-5Zs the photoconversion proceeds via the Lumi-R interme-
diate to Meta-RA, but the following millisecond-transition to
Meta-RC is blocked. Consistently, no transient proton release
was detected. The photoconversion of Agp1-5Zs is apparently
arrested in a Meta-RA-like intermediate, since the subsequent
syn to anti rotation around the C5–C6 bond is prevented by the
lock. The Meta-RA-like photoproduct was characterized by its
distinctive CD spectrum suggesting a reorientation of ring D.
 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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Phytochromes are photoreceptors found in plants, fungi and
bacteria that contain kinase signalling and PAS domains and
allow these organisms to respond to environmental light con-
ditions [1]. Their chromophores are covalently bound linear
tetrapyrroles, biliverdin (BV) in the case of Agp1 from Agro-
bacterium tumefaciens. The recent structure determinations of
the chromophore binding domain of two bacteriophyto-
chromes [2–4], gave a big boost to research on their molecular
mechanism. A major open question is how the initial light-
induced local structural change of the chromophore is coupled
to the binding pocket and is ampliﬁed into a global structural
change transforming phytochrome from the red-absorbing Pr
form to the far-red-absorbing Pfr form.Abbreviations: BV, biliverdin; 18EtBV, 18-ethyl biliverdin; Pr, red-
absorbing form of phytochrome; Pfr, far-red-absorbing form of
phytochrome; CD, circular dichroism
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doi:10.1016/j.febslet.2007.10.043Whereas much attention has been focussed on an under-
standing of the primary ultrafast photoisomerization around
the C15‚C16 double bond between rings C and D (e.g.
[5,6]), little is known about the role of additional rotations
around chromophore bonds during the thermal relaxation to
Pfr. It has been suggested (e.g. [7]) that thermal rotations
may occur around the bonds of the methine bridge connecting
rings A and B (Fig. 1). For plant phyA a band in the reso-
nance Raman spectrum of the chromophore in the Lumi-R
intermediate at 1648 cm1 due to the C‚C stretching mode
of the A/B methine bridge shifts to 1615 cm1 in Pfr [7]. Model
calculations could only reproduce this large downshift if a
partial rotation around the C5–C6 single bond was introduced
[7]. This putative anti to syn bond rotation in plant phyto-
chrome would have to happen in one of the three transitions
between Lumi-R and Pfr. Indications for bond angle changes
during the photoconversion near C5 and involving ring A were
also obtained from NMR spectroscopy with bacteriophyto-
chrome Cph1 speciﬁcally 13C- or 15N-labeled in the chromo-
phore [8,9].
Locked chromophore derivatives are powerful tools to study
energy conversion in bacteriorhodopsin [10] or signal trans-
duction in photoreceptors, i.e. in systems in which chromo-
phore isomerization plays a central role. This method has
recently been successfully applied to phytochromes with syn-
thetic BV derivatives in which the methine bridge between
rings C and D is sterically constrained by cyclising with an
additional carbon chain to show that the geometry of this
methine bridge is 15Za and 15Ea, respectively, in the Pr and
Pfr forms of Agp1 [11]. To characterize the geometry of the
methine bridge connecting rings A and B, Agp1 was assembled
with the 5Zs and 5Za BVs in which rotations around the
bonds of the A/B methine bridge are prevented (Fig. 1).
Whereas the 5Za adduct could be photoconverted to a Pfr-like
photoproduct, the 5Zs adduct was bleached and blue-shifted
upon illumination with red light, i.e. no red-shifted Pfr state
was formed [12]. It was concluded that the A/B methine bridge
in the Pr and Pfr forms have 5Zs and 5Za structures, respec-
tively, implying that in bacteriophytochromes a syn to anti
rotation around the C5–C6 single bond is required [12]. Here
we use time-resolved methods with the 5Zs adduct to show
that this rotation takes place in the transition from Meta-RA
to Meta-RC. We note that the 5Zs geometry for Pr is in agree-
ment with the recent X-ray diﬀraction structures of the dark
states of the bacteriophytochromes from Deinococcus [2,3]
and Rhodopseudomonas palustris [4].blished by Elsevier B.V. All rights reserved.
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Fig. 1. Chemical structures of the protonated adducts of biliverdin,
18-ethyl-biliverdin and 18-ethyl-biliverdin locked in the 5Zs conﬁgu-
ration/conformation by the ethylene bridge between the nitrogens of
rings A and B.
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2.1. Synthesis of 5Zs-BV, expression and puriﬁcation of Agp1
For technical reasons the 5Zs locked BV was synthesized in the
18-ethyl form (18EtBV) in which the 18-vinyl group is replaced by
an ethyl group (Fig. 1), as described [12]. Control measurements are
therefore carried out with Agp1 samples reconstituted with 18EtBV.
All measurements were performed with Agp1-M15, a truncated ver-
sion of full length Agp1 which lacks the C-terminal histidine-kinase
domain [13]. It consists of the ﬁrst 504 N-terminal amino acids plus
a His-tag and includes the PHY domain that is essential for complete
photoconversion to Pfr.
2.2. Transient absorption spectroscopy, protonation kinetics, circular
dichroism (CD)
Flash photolysis measurements were performed as described [13,14]
by excitation with 10 ns-pulses at 640 nm. Since the 5Zs adduct cannot
be converted by light to Pr [12], the time between consecutive ﬂashes
was increased to 30 min to allow for partial recovery of the dark state.Light-induced proton release was monitored by measuring the absor-
bance changes of the pH indicator dye cresol red (pKa = 8.2) at
570 nm as described [14–16]. CD measurements were performed with
a modiﬁed and up-dated Jasco 500-A instrument as described [17].3. Results
3.1. Photoconversion and dark recovery of Agp1-M15-5Zs
Fig. 2 shows the absorption spectra of the 5Zs adduct in the
dark as well as after prolonged red illumination by a light-
emitting diode (680 nm). The absorption maximum of the
5Zs adduct is at 692 nm, very close to that of the 18EtBV con-
trol sample (690 nm) [12], indicating that the ethylene bridge
between rings A and B does not aﬀect the electronic transition.
Photoconversion of Agp1-M15-5Zs leads to a bleach in both
the Q- and Soret-bands. The photoproduct has its absorption
maximum at 636 nm. Clearly no red-shifted Pfr product is
formed. The spectra taken at various times after the bleach
indicate that dark reversion is slow (s  30 min).
3.2. Kinetics of photoconversion
The kinetics of the light-induced absorbance changes in
Agp1-BV have been characterized in detail [14]. After the ini-
tial rapid photoisomerization around the C15‚C16 double
bond the Lumi-R intermediate is formed, which decays via
the intermediates Meta-RA and Meta-RC to Pfr [14]:
Lumi-R !260 ls
s1
Meta-RA !2:7 ms
s2
Meta-RC !210 ms
s3
Pfr
The time constants refer to the Agp1-M15-BV construct, the
corresponding numbers for full length Agp1-BV are almost
the same [14]. Typical transient absorbance time traces for
Agp1-M15-18EtBV at three selected diagnostic wavelengths
of 690, 715, and 740 nm are shown in Fig. 3A. The initial
bleach with positive absorbance changes at 740 and 715 nm
and a negative absorbance change at 690 nm is characteristic
for Lumi-R which is slightly red-shifted with respect to Pr
[14]. Similar data were collected at 35 wavelengths from 350
to 800 nm. Global analysis of these data lead to time constants
of s1 = 190 ls, s2 = 1.5 ms and s3 = 13 ms, which are marked in
Fig. 3A by the dashed vertical lines. Amplitude spectra were
constructed from these data as described [14]. The ampli-
tude spectra for full length Agp1-BV [14] and for Agp1-
M15-18EtBV (data not shown) indicate that the Lumi-R to
Meta-RA transition is characterized mainly by a decrease in
absorbance around 700 nm and a minor blue shift. The ob-
served negative absorbance changes at 690 and 715 nm and
the lack of an absorbance change at 740 nm in the time win-
dow near 190 ls (s1) are as expected for this transition. The
Meta-RA to Meta-RC transition is associated with a major
red shift (50 nm) which results in absorbance increases around
740 nm and corresponding decreases near 690 nm [14]. These
features, taking place around 1.5 ms (s2), can be clearly dis-
cerned in Fig. 3A.
The data for the 5Zs adduct (Fig. 3B) have poorer signal to
noise ratio. This is due to the slow recovery kinetics (Fig. 2)
which allows the collection of only a few shots at each wave-
length and due to a lower sample concentration. The signs
and relative amplitudes of the initial absorbance changes are
as for the control (A) and characteristic for Lumi-R. In the
time range of s1 there are absorbance decreases at 690 and
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Fig. 2. Absorption spectra of Agp1-M15-5Zs in the dark state
(spectrum with the highest absorbance at 690 and 380 nm), after red
light illumination with a LED at 680 nm (spectrum with lowest
absorbance at 690 and 380 nm) and after 5, 10, 20, 30, 60 and 120 min
of dark reversion. The arrows indicate the direction of the recovery at
690 and 380 nm. Conditions: 20 C, pH 7.8, 50 mM Tris, 300 mM
NaCl, 5 mM EDTA.
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Fig. 3. Transient absorption changes of Agp1-M15-18EtBV (A) and
Agp1-M15-5Zs (B) at the indicated wavelengths. The data were ﬁtted
simultaneously from 10 ls to 1 s with a sum of three exponentials with
time constants marked by the vertical dashed lines (A) or with one
exponential (magenta lines) with time constant of 620 ls (B) (vertical
dashed line). Conditions: pH 7.8, 20 C, 20 mM Tris, 50 mM NaCl.
Approximate concentration of adducts: 20 lM (A) and 5 lM (B).
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Fig. 4. Transient absorbance changes of pH indicator dye cresol red
(concentration 100 lM) at 570 nm in the presence of Agp1-M15-
18EtBV (red) or Agp1-M15-5Zs (green). Conditions: pH 7.8, no buﬀer,
50 mMNaCl. The dye signal of Agp1-M15-18EtBV was ﬁtted to a sum
of two exponentials (solid black line). The proton release time of
1.3 ms is marked by the dashed vertical line. The two signals were
scaled to equal amounts of Lumi-R, based on the initial bleach.
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Fig. 5. (A) CD spectra of Agp1-M15-18EtBV after red (R, LED
680 nm) and far-red (FR, laser diode 785 nm) illumination. (B) CD
spectra of Agp1-M15-5Zs in dark state (dark) and after red illumina-
tion (R). Conditions: as in Fig. 2.
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value of 620 ls, which is slower, but comparable to the control
value (190 ls). We conclude that the Lumi-R to Meta-RA tran-
sition occurs in the 5Zs adduct. From about 2 ms onward,
however, no further absorbance changes are observed. In par-
ticular there is no evidence for an absorbance increase at
740 nm, which is diagnostic for the formation of the red-
shifted Meta-RC intermediate. We conclude that the photo-
conversion is stuck in a Meta-RA-like photoproduct.3.3. Kinetics of light-induced proton release
The Meta-RA to Meta-RC transition is associated with the
release of one proton, which is exactly synchronized with the
optical transition of the chromophore [14–16]. Fig. 4 shows
the transient absorbance signal at 570 nm due to the pH indi-
cator dye cresol red for the control sample Agp1-M15-
18EtBV. It is the diﬀerence between the absorbance changes
with and without dye [16]. From the ﬁt of the data a proton
release time of 1.3 ms was obtained, in excellent agreement
with the time constant of 1.5 ms for the Meta-RA to Meta-
RC transition at the same pH of 7.8 (Fig. 3A), conﬁrming
the coupling. For the 5Zs adduct no dye signal could be de-
5428 S. Seibeck et al. / FEBS Letters 581 (2007) 5425–5429tected over the entire time range (Fig. 4). As in Fig. 3 the data
are noisier than for the control due to the smaller number of
shots and the lower concentration. Since proton release is an
obligatory step in the formation of Meta-RC [14], the absence
of a deprotonation signal supports the conclusion from the
transient absorption measurements that the photoconversion
is arrested in Meta-RA.
3.4. CD spectrum of the photoproduct
The CD spectra of the control Agp1-M15-18EtBV sample
after red and far-red illumination are presented in Fig. 5A.
These spectra are similar to those of full length Agp1-BV (to
be published). The CD spectrum of the 5Zs adduct in the dark
(Fig. 5B) is virtually identical to that of the far-red irradiated
control (i.e. Pr), indicating that immobilization of the A/B
methine bridge does not substantially aﬀect the chirality of
the chromophore in the binding pocket in Pr. Since the dark
recovery is very slow, we could measure the CD spectrum of
the Meta-RA-like photoproduct (Fig. 5B, R). Its wavelength
maximum coincides with its absorption maximum (636 nm)
(Fig. 2). The signs of the rotational strengths of the Q- and
Soret-bands are opposite to those in Pr (dark), and the spec-
trum diﬀers greatly from that of Pfr of the control (Fig. 5A, R).4. Discussion
The transient absorption measurements and the lack of pro-
ton release provide strong evidence that in the 5Zs adduct the
photoconversion is blocked in the Meta-RA to Meta-RC tran-
sition. Initially the phototransformation proceeds as with
unlocked BV, in spite of the immobilization of the A/B
methine bridge. A Lumi-R-like intermediate is formed which
decays to a Meta-RA-like intermediate with the correct spec-
tral signature and in the expected time range. Thereafter, how-
ever, no further absorption changes occur and no proton is
released, indicating the absence of the subsequent Meta-RC
intermediate which is red-shifted and has a deprotonated chro-
mophore [14,15]. In view of the suggestions concerning a pos-
sible rotation around the C5–C6 bond between Lumi-R and Pfr
[7–9,12], the simplest explanation of our results is that a partial
syn to anti rotation occurs around the C5–C6 bond in the
Meta-RA to Meta-RC transition that is blocked by the lock.
We note that there is no proton on the ring B nitrogen of
5Zs-BV (Fig. 1), a consequence of the bridge linking the nitro-
gens of rings A and B. If deprotonation of the chromophore
requires a proton on rings C and B, formation of Meta-RC
may be prevented in Agp1-5Zs. We cannot exclude this alter-
native explanation. Since the 15Za and 15Ea chromophores
which have protonated ring C nitrogens form adducts with
normal kmax values in the red, whereas the 15Zs and 15Es
chromophores which do not have a proton on ring C nitrogen
do not [11], we conjecture that a proton on ring C is obliga-
tory. This condition is fulﬁlled for the 5Zs adduct. Its kmax va-
lue of 692 nm is moreover virtually identical with that of the
unlocked 18EtBV adduct (690 nm) suggesting a similar coun-
ter-ion geometry.
The CD spectrum of the Meta-RA-like photoproduct
(Fig. 5B) diﬀers greatly from those of the Pr forms of Agp1-
M15-18EtBV and Agp1-M15-5Zs as well as from the Pfr form
of Agp1-M15-18EtBV. The sign reversal in both major bandssuggests that the chromophore has opposite chirality in the Pr
and Meta-RA state. Since the lock prevents rotation around
the A/B methine bridge in the 5Zs adduct and constrains the
angle between the planes of rings A and B to a small value,
rings A and B are approximately coplanar. The diﬀerence in
the Pr and Meta-RA-like CD spectra must thus be mainly
due to the isomerisation-induced change in orientation of ring
D. A further conclusion is that the additional out-of-plane
rotation of ring A contributes to the CD spectrum of Pfr,
reducing the rotational strength in the two main bands with re-
spect to the Meta-RA like photoproduct. The X-ray structures
show that the chromophore is not planar in Pr, but that both D
and A rings are rotated out-of-plane with respect to the plane
formed by rings B and C [3,4]. Model calculations for semi-
open tetrapyrrole geometries show that a suitable change in
out-of-plane rotation of one terminal pyrrole ring is suﬃcient
to invert the signs of the two main CD bands [18].
Photoconversion of 5Zs locked Agp1 leads to a bleach and a
blue-shifted Meta-RA-like photoproduct (636 nm). Similar
observations were reported for the RpBphP3 bacteriophyto-
chrome from R. palustris [19], the Ppr phytochrome from Rho-
dospirillum centenum [20] and the H250A and D197A mutants
of Agp1 [13]. Since these phytochromes do not have locked
chromophores, the causes for their lack of a red-shifted Pfr
form reside in the protein moiety, as recently shown for
RpBphP3 [4].
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